A single molecule rectifier with strong push-pull coupling
Since a single molecule to act as electronic circuit was proposed, 1 many researchers have paid considerable attention to the quantum transport properties of molecular-scale quantum devices. 2 More recently, the Seebeck coefficient S has been measured in molecular junctions. 3 These experiments have inspired rapid theoretical developments in understanding the fundamental thermoelectric properties of various nanoscale junctions and designing the new-type thermoelectric devices at the nanoscale level. [4] [5] [6] Alkane molecular junctions have been extensively investigated due to their capability for self assembly. 7 These junctions serve as testbeds for comparing experimental results with theoretical calculations. The main conductance mechanism involved in these self-assemble junctions is known as nonresonant tunneling, which arises from the larger gap between the highest occupied molecular orbital and the lowest unoccupied molecular orbital. Consequently, alkane molecular junctions may not be good candidates for efficient device applications.
In this letter, we investigate the quantum cooling effects in the unsubstituted and amino-substituted alkanethiol molecular junctions. The coefficient of performance ͑COP͒ of the amino-substituted butanethiol refrigerator is larger than that of the unsubstituted alkanethiol junctions. The enhancement of COP is due to the new quantum states near the chemical potentials introduced by amino substitution. The COP of the unsubstituted and amino-substituted butanethiol junctions can be optimized further by the gate voltages. Figures 1͑a͒ and 1͑b͒ show the schemes of the molecular junctions in three-terminal geometry, where the source-drain electrodes are modeled as electron jellium with r s = 3. The gate field is introduced as a capacitor consisting of two parallel circular charged disks separated at a certain distance from each other. The axis of the capacitor is perpendicular to the electron transport direction. One plate is placed close to the molecule while the other plate is placed far away from the molecule. The single-molecule refrigerator can be modeled by the Hamiltonian H = H 0 + V, where H 0 is the Hamiltonian representing the bare metallic electrodes and V is the scattering potential of the single molecule. First, the wave functions of the source-drain electrodes with applied bias V B are calculated self-consistently using the Shrödinger and Poisson equations. Second, Green's function is calculated using the wave functions of the bare electrodes. When a molecule is included between the source drain electrodes, the nonequilibrium wave functions of the whole system are calculated by iteratively solving the Lippmann-Schwinger equation until self-consistency is obtained in the framework of the density functional theory in scattering approaches. Detailed theoretical descriptions can be found in Ref. 8. The wave functions are then applied to calculate the electronic thermal current flowing from the right ͑left͒ electrode,
where 
and dr Ќ represents an element of the metallic electrode surface. We assume that the temperature of the left electrode is higher than that of the right electrode ͑T R Յ T L ͒. On the basis of the second law of thermodynamics, the thermal energy can only flow from the hot electrode to the cold electrode in the absence of a bias V B = 0. Once a bias V B is applied, the electric current can possibly carry a thermal current and thus take heat energy from the cold electrode to the hot electrode becomes possible. The molecular refrigerators set to work when J R Ͼ 0, indicating that the thermal energy can be extracted from the cold ͑right͒ electrode to the hot ͑left͒ electrode. Using Sommerfeld expansion, 9 Eq. ͑1͒ can be simplified as
We further define the COP for the molecular refrigerators as = J R / IV B , where J R is the magnitude of the thermal energy extracted from the cold ͑right͒ electrode and IV B is the power supplied by the battery, where I is the current traveling through the molecular refrigerators calculated by 
Figures 1͑c͒ and 1͑d͒ show the rates of thermal energy extracted from the right ͑cold͒ electrode ͑J R ͒ as a function of V B for various values of T R with ⌬T = 1 K in the unsubstituted and amino-substituted butanethiol refrigerators, respectively. In sharp contrast to the unsubstituted butanethiol refrigerator, the amino-substituted butanethiol refrigerator possesses a better cooling effects. The main reason is that electronic structures of the molecular junction can be changed when one of the hydrogen atoms attached to the second carbon atoms in the butanethiol molecule is substituted by using a side-coupled amino group ͓see Fig. 1͑b͔͒ . The nonresonant tunneling mechanism may be broken, and a sharp increase in the density of states ͑DOS͒ is obtained ͓see inset of Fig. 1͑d͔͒ . Consequently, some new quantum states can be introduced by using the amino substitution. The cooling effect is limited to a certain range of applied biases. 6 When ⌬T Ӷ T R , the minimum source-drain voltage ͑V th ͒ required to trigger the cooling effect is V th = ͑1 / e͒ ϫ͓͑͒ / Ј͔͑͒͑⌬T / T R ͒. We note that V th is proportional to ⌬T and inversely proportional to T R . This relationship is consistent with the numerical results shown in Figs. 1͑c͒ and  1͑d͒ , where V th decreases as T R increases. Figure 1͑e͒ compares J R as a function of T R for the unsubstituted and amino-substituted butanethiol refrigerators, where ⌬T and V B are fixed. The numerical results show that the J R of the amino-substituted butanethiol refrigerator is sensitive to T R . We denote the minimum temperature for possible cooling effect ͑J R Ͼ 0͒ as T op . When T R Ͻ T op , the molecular refrigerator does not function while the cooling effects may be possible when T R Ն T op . The operation temperature T op ap- 
. This expression predicts that COP can be enhanced further if T R is increased. Figure  1͑f͒ also shows that the unsubstituted butanethiol molecular refrigerator functions in a small range of biases between 2 and 5.2 mV when T R = 200 K and ⌬T = 1 K, while the amino-substituted butanethiol junction can be operated in a wider range of biases, with the upper limit of bias exceeding 10 mV and the lower limit of bias approaching to 0.6 mV in this case. Figures 2͑a͒ and 2͑b͒ show the operation temperatures ͑T op ͒ as functions of V B and ⌬T for the unsubstituted and amino-substituted butanethiol molecular refrigerators, respectively. The amino-substituted butanethiol molecular refrigerator can operate at a wider range of temperatures compared with the unsubstituted butanethiol molecular refrigerator. The minimum value of T op can be approximately expressed as ͑T op ͒ min =1/ 2 ͱ ␤V B , when ⌬T = 0 K. Figures   2͑c͒ and 2͑d͒ show ͑T op ͒ min as a function of V B for the unsubstituted and amino-substituted butanethiol refrigerators, respectively, where ⌬T = 0 K. We observe that ͑T op ͒ min in the amino-substituted butanethiol molecular refrigerator is suppressed compared with the unsubstituted junctions. The amino-substituted butanethiol refrigerator has a lower operation temperature compared with the vacuum diode, which has a operation temperature larger than 1000 K. 10 When V B = 1 mV, the operation temperatures of the proposed molecular refrigerators are around 75 K and 40 K for the unsubstituted and amino-substituted butanethiol junctions, respectively. The operation temperatures can be further suppressed as V B decreases. 3.0x10 Recently, a longstanding challenge in creating the true molecular junctions with three-terminal geometry has been conquered experimentally in which the molecular orbitals were directly modulated by an external gate voltage. 11 In the first-principles calculations, we compare the gating effects on and J R for the butanethiol junctions before and after amino substitution in Fig. 3 . Before the amino substitution, the rates of thermal energy extracted from the cold temperature ͑J R ͒ and the COP ͑͒ increase as the gate voltages decrease. After the amino substitution, the rates of thermal energy extracted from the cold temperature ͑J R ͒ and the COP ͑͒ increase as the gate voltages increase.
In conclusion, we propose molecular refrigerators based on the akanethiol molecular junctions. We compare the quantum cooling effects for the unsubstituted and aminosubstituted butanethiol junctions using the first-principles approaches. The amino-substituted butanethiol junction has a better cooling effect because of some new states appearing near the chemical potentials introduced by amino substitution. The cooling effects of the unsubstituted and aminosubstituted butanethiol junctions can be optimized further by the gate voltages. 4.0x10 
